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16a Sunday, February 3, 2013approximated by Hooke’s law, it is not clear if that is still valid for large bend-
ing angles. The experimental evidence is controversial. We explore the strong
bending regime of the double helix using a model that represents the solvent
implicitly, which allows for greater efficiency. First, we are able to reproduce
results of Strauss and Maher. Next, we compare the energetics of weakly and
strongly bent DNA. We find that Hooke’s law is violated for strongly bent
DNA and discuss the energetic contribution that may be responsible for the
effect.
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After peptide bond formation the transfer RNAs (tRNAs) bound to the ribo-
some translocate by more than 7 nm to adjacent binding sites, accompanied
by large-scale conformational motions of the ribosome. Combining cryo-EM
reconstructions of translocation intermediates (Fischer, Nature 2010) with
high resolution crystal structures, we obtained 13 near-atomic resolution struc-
tures. The quality of these structures was validated using recent crystal struc-
tures and subsequently all-atom molecular dynamics simulations of the fully
solvated 70S ribosome were carried out for each of the 13 intermediate states,
totaling 1.5 ms. The obtained dynamics within the intermediate states allowed
us to estimate transition rates between states for motions of the L1-stalk, tRNAs
and intersubunit rotations. These rates revealed rapid motions of the L1-stalk
and the small subunit on sub-microsecond timescales, whereas the tRNA
motions were seen to be rate-limiting for most transitions. By calculating the
free energy of interaction between L1-stalk and tRNA, we obtained molecular
forces revealing that the L1-stalk is actively pulling the tRNA from P to E site,
thereby overcoming barriers for the tRNA motion. Further, ribosomal
proteins L5 and L16 guide the tRNAs by ‘sliding’ and ‘stepping’ mechanisms
involving key protein-tRNA contacts, explaining how tRNA binding affinity is
kept sufficiently constant to allow rapid translocation despite large-scale
displacements.
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The emerging field of RNA-based nanotechnology can benefit from the devel-
opment of new computational methods capable of helping in the design and
characterization of nano-scale particles, leading to the development of qualita-
tively new structures and novel therapeutics. We have approached the
computer-aided design process by creating a pipeline of tools, starting with
a database of n-way junctions and kissing-loops called RNAJunction. This da-
tabase provides building blocks for our programs, such as NanoTiler and
RNA2D3D, which use them to design 3D models of RNA nanostructures. First,
the building blocks are treated as rigid objects. Then, just as the natural RNA is
shaped (deformed) by the larger structural contexts, our programs allow for de-
formations to be applied in order to produce fully assembled models. To assess
the realistic limits of these deformations, we consider flexibility data available
as alternative structures in databases as well as results of Molecular Dynamics
(MD) simulations at the atomic resolution level and coarse-grained computa-
tional methods. Here we present an example of the modeling process including
RNA flexibility information for three nanocube model variants and a novel
application of a coarse-grained Anisotropic Network Model (ANM) to the
RNA nanostructure characterization. The predictions of different efficiency
of assembly for three nanocube variants, based on the exploratory modeling,
were confirmed in in vitro experiments. The ANM simulations showed that
the dynamics of the full nanostructure has to be considered in order to explain
the differences between the size of the initial static models and that of the ex-
perimentally measured nanoparticles, thus bringing the computational and the
experimental results into agreement. The ANM simulations also offered an
additional insight into the assembly yields and the difference in the melting
temperatures of the cube variants.
Funded in part by HHSN261200800001E89-Plat
Conformational Transitions of Nucleic Acids under External Forces:
Computer Simulations and a Stochastic Theory for their Kinetics
Ioan Andricioaei.
University of California - Irvine, Irvine, CA, USA.
I will present molecular dynamics simulations of several examples of confor-
mational transitions that nucleic acids and their complexes undergo upon the
application of external forces and/or torques:
(1) DNA supercoil relaxation by topoisomerases,
(2) the condensation of DNA by dendrimers and,
(3) RNA unfolding.
Then I will showcase the use of the formalism of stochastic path integrals to
deduce the kinetics of these transitions, from simulation trajectories or exper-
imental single molecule recordings of the transition, under other conditions
that those that are actually simulated or recorded.
Platform: Cardiac Muscle I
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Elucidating actomyosin interactions within cardiac muscle is key to under-
standing molecular mechanisms of force generation in the heart. Precise
myosin-actin interactions throughout the power stroke are still unclear and
study of actomyosin within functional muscle systems is required [1].
We exploit the nanometre precision of Fo¨rster resonance energy transfer
(FRET) to study the actomyosin complex in healthy and diseased cardiac mus-
cle, using mouse papillary muscle. The distance between the essential light
chain (ELC)-AlexaFluor488 (labelled at a single cysteine in position 180 of
a modified ELC exchanged into the fibre [2]) and Actin-AlexaFluor594-
Phalloidin is evaluated by the acceptor-photobleaching method. The hypertro-
phic cardiomyopathy-causing actin mutation, E99K [3], was also studied in
terms of the ELC-Actin distance, and compared with wild-type results.
The mean FRET efficiencies evaluated for wild-type and E99K relaxed-state
fibres were 15.1% and 15.0% respectively (p>0.05), corresponding to ELC-
Actin distances of 87.6A˚ and 87.2A˚. Rigor-state FRET efficiencies were ap-
proximately 10% lower than in the relaxed-state, corresponding to distances
around 20A˚ shorter. Our preliminary results suggest: i) E99K actin-mutation
does not affect the acto-myosin structures in terms of FRET efficiencies eval-
uated; ii) ELC-Actin distance in cardiac fibres is within the FRET range; iii)
ELC-Actin distance in relaxed cardiac fibres is shorter than rigor-state
distances.
In conclusion, FRET is viable for studying nanometre distances in intact car-
diac tissue and provides a new perspective into the study of cardiac contraction.
Furthermore, in contrast to skeletal fibres [4], the ELC-Actin distance in rigor
cardiac fibres is within the range for FRET, indicating that cardiac and skeletal
muscle may possess differing cross-bridge conformations.
[1] M.A.Geeves et al. Adv Protein Chem. 2005;71:161-93
[2] J.Borejdo et al. Biochemistry. 2001;40(13):3796-803
[3] W.Song et al. J Biol Chem. 2011;286(31):27582-93
[4] V.Caorsi et al. Eur Biophys J. 2011;40:13-27
91-Plat
Length Dependence of Force Generation is Controlled by Phosphorylation
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The steepness of the Frank-Starling relationship is modulated by numerous
physiological factors including beta-adrenergic stimulation, which steepens
the relationship. This arises in part from increased myofibrillar length depen-
dence of force and power by PKA, a downstream signaling molecule of the
beta-adrenergic system. Since PKA has multiple myofibrillar substrates includ-
ing titin, myosin binding protein-C (MyBP-C), and cardiac troponin I (cTnI),
we sought to define if phosphorylation of one of these molecules was sufficient
to control length-tension relationships. We focused on cTnI since (i) we previ-
ously observed a relationship between cTnI phosphorylation and the steepness
of ventricular function curves in rat working hearts, (ii) 2D-DIGE indicated
a distribution of cTnI phosphorylation states consistent with our previous ob-
servation of two populations of length-tension relationships (one shallow the
Sunday, February 3, 2013 17aother steep) in rat skinned cardiac myocytes, and (iii) troponin can be more
readily exchanged in permeabilized striated muscle cell preparations. To test
if PKA-mediated phosphorylation of cTnI is sufficient to mediate length
dependence of force we used skinned rat slow-twitch skeletal muscle fibers,
which exhibit shallow length-tension relationships that are unaltered by
PKA. A sarcomere length-tension relationship was measured during submaxi-
mal Ca2þ activation, then the fiber was incubated in a troponin (Tn) exchange
solution, which replaced ~80% of the endogenous slow-skeletal Tn with cTn.
After cTn incorporation the length-tension relationship remained shallow as
predicted since the purified cTnI lacks phosphate incorporation. Next, the fiber
was incubated in PKA, which caused the length-tension relationship to shift
from shallow to steep. In addition, exchange with cTn having cTnI serines
23/24 modified to aspartic acids to mimic phosphorylation steepened the
length-tension relationship. These results indicate that phosphorylation of
cTnI serines 23/24 is sufficient to control length dependence of force generation
in striated muscle.
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Background Recently, we observed reduced myofilament length-dependent
activation in cardiomyocytes from a patient harboring a homozygous mutation
(K280N) in the TNNT2 gene encoding cardiac troponin T (cTnT) compared to
non-failing donors. Protein kinase A (PKA)-mediated phosphorylation of car-
diac troponin I (cTnI) did not rescue impaired length-dependence. Moreover,
cTnI phosphorylation did not differ between TNNT2mut and donor myocardium.
In this study we present direct evidence that the K280N mutation in TNNT2
blunts length-dependent activation.
Methods Force measurements were performed in single permeabilized cardio-
myocytes isolated from the TNNT2mut heart at various [Ca
2þ] and sarcomere
lengths of 1.8 and 2.2 mm, with and without PKA-pretreatment. To investigate
if mutant cTnT underlies impaired length-dependent activation, the endoge-
nous mutant troponin complex was partially exchanged with recombinant
whole human wild-type troponin (Tnwt) complex. TNNT2mut sample was ex-
changed with 0.25, 0.5 and 1 mg/mL Tnwt complex, which in accordance
with previous studies from our group is predicted to yield ~40%, ~50% and
~70% of troponin exchange, respectively.
Results The length-dependent increase in myofilament Ca2þ-sensitivity
(DEC50) was not significantly different between TNNT2mut, TNNT2~40%,
TNNT2~50%, TNNT2~70%, (DEC50=0.3550.16, 0.2350.06, 0.0250.02 and
0.2250.06 mmol/L, respectively), but was significantly reduced compared to
donor (DEC50=0.7750.06 mmol/L). PKA-pretreatment did not restore
the reduced length-dependent activation of TNNT2mut and TNNT2~40%
(DEC50=0.2650.19 and 0.3250.15), but did recover the blunted length-
dependent activation of TNNT2~50% and TNNT2~70% (DEC50=0.7150.04 and
0.7950.14) to control values (DEC50=0.8250.09).
Conclusions Length-dependent activation of myofilaments is corrected to do-
nor values only when ~50% of mutant cTnT is replaced by wild-type troponin
and subsequent phosphorylation with PKA. Our data show that the TNNT2
mutation K280N underlies impaired length-dependent activation in a dose-
dependent manner.
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2-deoxy-ATP Alters Myosin Structure to Enhance Cross-Bridge Cycling
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We previously reported that increased cellular 2-deoxy-ATP (dATP) augments
contraction, enhancing the rate and magnitude of both contraction and relaxa-
tion in intact cardiomyocytes, force production in skinned cardiac muscle, and
fractional shortening of the whole heart. To better understand the mechanism
by which dATP enhances cardiac function, we used molecular dynamics
(MD) simulations to study the pre- and post-powerstroke states of myosin
(PDB ID: 1VOM and 1MMA) bound to either Mg2þ.(d)ADP.Pi (pre-power-
stroke) or Mg2þ.(d)ADP (post-powerstroke) for 50ns. In both states, dATP
binding to myosin alters the conformation of the nucleotide binding pocketand the actin binding surface. In the pre-powerstroke state, myosin made fewer
contacts with dADP than with ADP and this structural change translated
to increased exposure of polar residues on the actin-binding surface of
myosin. Since the initial acto-myosin interaction is primarily electrostatic,
the affinity of myosin for actin may thus be enhanced with dADP.Pi. In
post-powerstroke simulations, dADP binding reduced the exposure of actin
binding residues on myosin somewhat. This may translate into improved
ability for myosin detachment from actin at the end of the powerstroke in
the presence of dADP vs. ADP. Furthermore, stopped-flow spectroscopy
demonstrated that myosin has 40-80% weaker binding affinity for dADP
than ADP, which may also contribute to faster myosin detachment. Together,
these data demonstrate that dADP binding to myosin significantly alters the
conformation of myosin, which may translate to faster cross-bridge cycling
due to both enhanced myosin binding in the pre-powerstroke state and faster
myosin detachment from actin in the post-powerstroke state. Ongoing studies
examining the effect of enhanced cross-bridge cycling with elevated dATP in
infarcted hearts suggest that dATP may reduce the loss of systolic function.
Supported by HL111197 (MR), WT085309 (MAG), GM50789 (VD) and
T32EB001650 (SGN).
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Proper contraction and relaxation of the heart depends on highly orchestrated
and rapid release and reuptake of Ca2þ from the sarcoplasmic reticulum
(SR). Normal SR Ca2þ reuptake in the rodent heart is accomplished predomi-
nately by the cardiac Ca-ATPase, SERCA2a, which in the failing heart exhibits
diminished activity and expression. We have utilized a mouse model of
inducible cardiac Ca2þ dysregulation, the Serca2fl/fl mouse, to investigate the
relationship between diminished SR Ca2þ flux and heart dysfunction. Condi-
tional deletion of Serca2 initiates the progressive loss of SERCA2 protein,
allowing us to examine in fine detail the relationship between titrated loss of
SR Ca2þ flux and heart dysfunction. By four weeks post-knockout, SERCA2
protein levels are below 5% of baseline and isolated 4-week KO cardiomyo-
cytes have greatly diminished contractility and Ca2þ handling. The in vivo phe-
notype at this time, however, is unexpectedly mild, and although all KO mice
succumb to congestive heart failure, they do so from 7-10 weeks after knock-
out. This disconnect between the mild in vivo phenotype and severe ex vivo
phenotype is intriguing and prompts the hypothesis that a systemic signaling
pathway, such as adrenergic signaling, is responsible for sustaining function
in KO animals. We found that in isolated Serca2 KO hearts, ß-adrenergic stim-
ulation elicits a robust inotropic and lusitropic response despite the near-
complete lack of SERCA2 protein. This finding will be discussed as it is at
odds with prevailing views of Ca2þ regulation of heart function.
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The naturally occurring, heterozygous Arg9-to-Cys (R9C) missense mutation
of phospholamban (PLB) triggers dilated cardiomyopathy, heart failure and
premature death in humans. However, the fundamental molecular mechanism
underlying the cardiotoxic role of PLBR9C in regulation of sarcoplasmic retic-
ulum (SR) Ca2þ-ATPase (SERCA) and cardiomyocyte Ca2þ handling is not
clear. The dynamic equilibrium between PLB monomer and pentamer plays
a critical role in SERCA regulation. We compared the effect of R9C and
pentamer-destabilizing transmembrane triple cysteine mutation (SSS) on PLB
pentameric assembly. We co-expressed Cer- or YFP-tagged PLBWT, PLBR9C,
PLBSSS, or PLBR9CþSSS in AAV-293 cells and measured intrapentameric Fluo-
rescence Resonance Energy Transfer (FRET). PLBR9C and PLBR9CþSSS ex-
hibited a significant increase in oligomerization as compared to PLBWT and
PLBSSS, which was further enhanced by application of 100mM H2O2. In addi-
tion, we investigated the stability of PLB pentamer in WT, R9C, SSS, or
R9CþSSS background by molecular dynamic simulation studies. Importantly,
co-expression of CFP-PLBR9C and YFP-PLBR9C in adult rabbit ventricular my-
ocytes exhibited a large and rapid increase in oligomerization over time after
exposure to 100mM H2O2 as compared to PLB
WT. To investigate the effect
